This paper reports the strength behaviour of concrete containing three types of recycled polyethylene terephthalate (PET) aggregate. Results are also analysed to determine the PET-aggregate's effect on the relationship between the flexural and splitting tensile strengths and compressive strength and to know whether the relationships between compressive strength and other strength characteristics given in European design codes are applicable to concrete made with PET-aggregates. The compressive strength development of concrete containing all types of PET-aggregate behaves like in conventional concrete, though the incorporation of any type of PET-aggregate significantly lowers the compressive strength of the resulting concrete. The PET-aggregate incorporation improves the toughness behaviour of the resulting concrete. This behaviour is dependent on PET-aggregate's shape and is maximised for concrete containing coarse, flaky PET-aggregate. The splitting tensile and flexural strength characteristics are proportional to the loss in compressive strength of concrete containing plastic aggregates.
Introduction
The consumption of plastic has grown substantially all over the world in recent years and this has created huge quantities of plastic-based waste. Plastic waste is now a serious environmental threat to the modern way of living. In Portugal, post-consumer packaging accounts for almost 40% of total domestic waste and it is therefore an important source for the recycled materials market 1 . In a typical Portugal municipality about 10-14% of all generated waste is plastic 1 . Plastic waste cannot be dumped in landfills because of its bulk and slow degradation rate. Recycling plastic waste to produce new materials like aggregate in concrete could be one of the best solutions for disposing of it, given its economic and ecological advantages. The European aggregates demand is 3 billion tons per year, representing a turnover of around €20 billion. Some 90% of all aggregates are produced from natural resources. The other 10% come from recycled aggregates (6%), and marine & manufactured aggregates (2% each). Naturally, the use of waste materials as aggregate in concrete production will reduce the pressure on the exploitation of natural resources.
Plastic aggregate (PA) is produced by mechanically separating and processing plastic waste. A life cycle analysis of mixed household plastics shows that mechanical recycling provides a higher net positive environmental impact than the recovery of energy or land-filling [2] [3] [4] . Different types of plastic waste have been used as aggregate, filler or fibre in cement mortar and concrete after mechanical treatment. They include: polyethylene terephthalate (PET) bottles, polyvinyl chloride, PVC pipes, high density polyethylene, HDPE, thermosetting plastics, mixed plastic waste, expanded polystyrene foam, polyurethane foam, polycarbonate, and glass reinforced plastic [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . The details about the generation of PA as well as the properties of concrete containing PA are presented in a recent review 22 . The incorporation of PA can significantly improve some properties of concrete because plastic has high toughness, good abrasion behaviour, low thermal conductivity and high heat capacity [23] [24] [25] . PA is significantly lighter than natural aggregate (NA) and therefore its incorporation lowers the densities of the resulting concrete 22, 26 . This property can be used to develop lightweight concrete. The use of shredded waste PA in concrete can reduce the dead weight of concrete, thus lowering the earthquake risk of a building, and it could be helpful in the design of an earthquake-resistant building 6 . However incorporation of PA in concrete has several negative effects such as poor workability and deterioration of mechanical behaviour 22, 26 . The strength properties and modulus of elasticity of concrete containing various types of PA are always lower than those of the corresponding reference concrete containing NA only. The decrease in bond strength between PA and cement paste as well as the inhibition of cement hydration due to the hydrophobic nature of plastic are the reasons for the poor mechanical properties of concrete containing plastic. Treating plastic chemically and coating plastics with slag and sand powders can improve the mechanical performance of concrete by improving the interaction between cement paste and PA 14, 27, 28 . The prolonged curing of PET fibre in simulated cement pore-fluid can initiate the alkaline hydrolysis of PET, and form some organic compounds, which may increase the interaction between plastic aggrgate and cement hydration products 29 .
However, the information available on the use of plastic waste as aggregate in concrete is not always adequate. For example, the workability behaviour of concrete containing similar type of PA is reported to be contradictory in different references 22, 26 . The shape and size of the aggregate have a significant influence on both fresh and hardened concrete properties. No thorough study is available on the effect of the shape of PA on the properties of the resulting concrete.
Further research to evaluate plastic waste as an aggregate in concrete production is therefore required. This is the background to the work reported here, in which three types of recycled polyethylene terephthalate aggregate (PETaggregate) of differing sizes and shapes were considered so as to understand how its size and shape influences the behaviour of the resulting concrete. The development of compressive strength, the most important concrete property is analysed along with the relative tensile and flexural strength, with reference to compressive strength. The results are then analysed using the present Eurocode 2 and the European EN 206 standard specifications.
Material and Methods
The plastic waste used as aggregate was collected from a plastic recycling plant in Portalegre, Portugal. The plant mainly recycles post-consumer PET bottles collected as compressed bales (Figure 1 ) that come from urban and industrial collection sites. The bales of PET-waste mostly consist of dirty PET-bottles, which are usually contaminated with other materials and with some non-PET containers such as PVC, HDPE and poly propylene, bottles. The composition of a typical waste plastic raw material is presented in Table 1 .
In this plastic waste treatment plant, several steps are adopted to recycle waste plastic. The coarse flakes and fine fractions were obtained after mechanical grinding of PET wastes followed by cleaning and separation by physico-chemical methods. The plastic pellet is produced from plastic flakes. This material consists of predefined and even-sized PET-grains, free of contamination at the microscopic level.
For production of pellets, the flakes of PET are dosed to a reactor through a system capable of maintaining a vacuum in the reactor by using a dosing screw, according to predetermined conditions. The vacuum obtained is less than 10 mbar. The reactor is equipped with an agitation system that, by friction, promotes heating of the material to the drying temperature. The agitation system has three floors, which ensure uniform and gradual warming of the material to extrude. Feeding of the extruder is made through a window with a slider that controls the amount of material allowed.
The heated material is extruded through an extruder spindle, with a polymer filter and a spinneret with holes. The heating and melting of the heated material is performed in vacuum, which allows the extraction of volatile contaminants. The extrusion process is relatively short, which limits the occurrence of secondary reactions during the melting stage. After passing through a spinneret, The experimental methods used to determine various aggregate properties and results are presented in Table 3 . The concrete mixes were prepared by the same method, which requires using exactly the same aggregate grading curve and concrete composition in terms of cement content, coarse and fine aggregate quantities and slump value. The differences between the various mixes are thus reduced solely to the coarse aggregates' nature. The Faury aggregate grading curve presented in Figure 3 was used in this work. It also shows the grading size distribution of the natural aggregates (NA), determined using NP EN 933-2. All types of aggregate were therefore separated into different size fractions by mechanical sieving.
A total of nine concrete mixes containing three types of PET-aggregate, plus one reference concrete (exclusively with NA) mix, were prepared for a constant range of slump 120-135 mm (Table 4) . Three sub-classes of concrete mixes were prepared by replacing 5%, 10% and 15% volume of NA by equal volumes of each type of PET-aggregate. The preparation of concrete mixes, their casting and the evaluation of their properties followed standard procedures. The different test methods used to determine fresh and hardened state concrete properties are presented in Table 5 . Results for all mechanical properties are the average of three specimens.
Results and Discussion

Mechanical behaviour
The development of compressive strength of the reference concrete and of those containing the three types of PET-aggregates in varying amounts is presented in Figure 4 . The 7, 28 and 91-day compressive strengths (f cm ), the melt is collected in a cooling bath that solidifies the polymer before being granulated in a rotary cutter in water. The mixture of water and grains of polymer is subjected to a vibratory separator and then the grains of polymer are centrifuged to remove excess water. The plastic pellets are then pneumatically transported to the weighing system and then to a packaging station. The coarse flakes (PC), fine fraction (PF) and the plastic pellets (PP) are used as plastic aggregate in the preparation of structural concrete and depicted in Figure 2 . No further crushing of the PET-aggregates was done in the laboratory. The sieve analysis of the PET-aggregates was carried out according to method NP EN 933-2 and is presented in Table 2 . CEM II A-L42.5 R type cement was used in this work. Calcareous natural coarse aggregates of three different size ranges and quartzite natural fine aggregates of two different size ranges were used throughout. standard and average deviations (S dev and A dev respectively) of concrete with plastic aggregate as a substitution of 0 (reference), 5%, 10% and 15% natural aggregate are given in Table 6 . The figure indicates that the development of compressive strength of concrete containing all types of PET-aggregate follows a similar behaviour to conventional concrete, although the incorporation of any type of PET-aggregate significantly lowers the compressive strength of the resulting concrete. The increase of compressive strength in the initial curing period (0 to 28 days) is substantially higher than that for later curing periods. However, a significant proportion of the reduction in strength of the PC and PF mixes compared to the control is due to the increased water to cement ratio necessary to maintain slump ( Table 4) 5, 7 . Figure 5 shows the relative strength of all types of concrete with respect to the strength of the 91-day concrete for different percentages of substitution. It appears that the early strength gain trend of concrete prepared with 15% volume replacement of NA by PC (PC15) with respect to 91-day strength is slightly different from the equivalent trend for concrete made with 5% and 10% replacement (PC5 and PC10). The trends followed by PP and PF for all substitution levels are almost identical, however. The 7-day compressive strength of PC15 is low compared to its 91-day strength. After 28 days of curing it gains substantial strength but is still lower than the other types of concrete. The 7-day relative compressive strength of concrete containing PP and PF at all substitution levels is considerably higher than that for the control concrete specimens, and it is highest for concrete containing 15% PP-aggregate (PP15).
The possible reason for the early strength gain for most of the concretes containing PET-aggregate is the low thermal conductivity of PET-aggregate. The low thermal conductivity may reduce the heat loss and therefore increase the temperature rise during hydration of cement pastes, which ultimately increases the strength of concrete the concrete, thereby increasing the heat of hydration. However, less strength gain in the early period for PC15 is unknown, though the very high w/c ratios (Table 4) might have some effect.
Substantial reductions in other strength properties (splitting tensile strength, TS and flexural strength, FS) were also observed for all substitution patterns as the percentage of PET-aggregate incorporated increased. The reason is basically similar to that given in almost all studies related to plastic aggregate incorporating concrete: the weak interfacial binding between the plastic aggregate and cement paste.
Relationship of compressive strength with other properties
The ratio between the tensile and compressive strength can give information on the toughness behaviour of concrete specimen 30 . Concrete of higher toughness exhibits higher values of this ratio. The tensile/compressive strength and flexural/compressive strength ratios are therefore determined and presented in Table 7 . The ratios between the tensile and compressive strengths observed for all PET-aggregate containing specimens are higher than that for conventional concrete, and the value increases with PET content. Thus incorporation of PET-aggregate in concrete mixes increases the toughness behaviour. For a particular amount of PETaggregate addition, this order can be arranged as: PC > PF > PP, which indicates that the large-flake PET-aggregates can have more effect on improving the toughness behaviour of resulting concrete than the other two fractions. The ratio between flexural and compressive strength behaves like the ratio between tensile and compressive strength. Figure 6 shows the specimens after failure during the tensile strength determination of various concrete specimens. The presence of PF at 10% and 15% substitution levels and PC at all substitution levels in the concrete specimens prevented them from suddenly separating into two pieces, as was generally observed in the reference concrete, in the specimens containing PP for all substitution levels and in PF for 5%. Thus concrete specimens with PET-aggregate are able to withstand additional loading after they crack. This is perceptibly more pronounced for concrete containing flaky PET-aggregates, where the specimens do not physically separate into two pieces under loading, possibly due to the bridging of cracks by PET-particles. Concrete containing flaky PET-aggregate may be able to do this better than that containing PET-pellet because of the differences in their load transfer ability. Dnce debonded from the concrete matrix pellets are too short to transfer the applied load through interfacial frictional force, whereas flakes are longer and can transfer the applied load 31 . The percentage reduction of compressive strength was also compared with the percentage reductions of flexural strength with respect to the reference concrete, as presented in Figure 7 . As in the Hannawi et al. study (2010) , the reduction in compressive strength with respect to the reference concrete was greater than the reduction observed in the flexural strength 8 . This difference is more pronounced for concrete with PC, which is coarser and flakier than the other two PET-aggregates. Incorporating PET-aggregate in concrete thus improves the relative flexural strength behaviour. The observed results also suggest that the flexural behaviour is dependent on the size and shape of the PETaggregate. Regardless of the type of plastic, the correlations between the 28-day splitting tensile and flexural strengths (represented in X-axis) and the 28- Figure 8 shows the relationship between 28-day compressive strengths (represented in Y-axis) and corresponding dry densities (represented in X-axis) of concrete specimens. It can be seen that the decrease in dry density of concrete specimens is associated with the decrease of its compressive strength. It should also be mentioned that increasing the content of all types of PET-aggregate in 
Water absorption behaviour
The 28-day water absorption capacities of concrete specimens containing the different PET-aggregates at various replacement levels are presented in Figure 9 . The results reveal that the incorporation of PP-aggregate at all replacement levels and PF-aggregate at 5 and 10% replacement levels do not have too much influence on the water absorption behaviour of the resulting concrete. In fact, incorporating PP-aggregate up to 10% replacement level lowers the water absorption capacity of the concrete specimen. But the water absorption capacity of concretes containing 15% PF-aggregate replacement and PC aggregate at all replacement levels is higher than the normal concrete. For PC-aggregate, water absorption increases with higher replacement levels.
The differences in percentage of compressive strengths and water absorption capacities of concrete containing various types of PET-aggregates from the control mix are presented in Figure 10 . The positive and negative values on the Y-axis respectively indicate the increasing and decreasing percentage amount of these parameters with respect to the amount for the reference concrete. The decreasing percentage of compressive strength for concretes containing 15% PF replacement and the concrete containing PC-aggregate at all replacement levels is due to the higher porosity of these concretes, as higher water absorption generally indicates higher porosity. But the reduction in the compressive strength of concretes containing PP-aggregate at all replacement levels, as well as the concrete containing PF-aggregate at 5 and 10% replacement levels, cannot be related to the water absorption capacity of these concrete compositions as the later values nearly the same or better than that of the reference. This indicates that another factor such as PET-aggregate to cement paste binding is also responsible for the strength reduction of concrete containing PET-aggregate.
Analysis of results using Eurocode 2
In spite of limitations such as restricted amounts of experimental data and minimum variations of experimental conditions, the experimental results are analysed using the existing Eurocode 2 (EC 2004), as explained below 32 . According to Eurocode 2 (EC2), the relationship between mean cubic compressive strength (f cm ) and characteristic cylindrical compressive strength (f ck ) can be expressed by 33 :
According to this relationship, the 28-day cylindrical compressive strength of the reference concrete should be around 34.46 MPa. Again from EC2, the splitting tensile strength (f ctm,sp ) can be related to f ck by the following expression:
Thus the predicted splitting tensile strength for reference concrete should be around 3.53 MPa. The observed tensile strength (3.47 MPa) is almost the same as the predicted value for the 28-day splitting tensile strength of the reference concrete. A plot of the cubic compressive strength versus tensile strength for different concrete specimens is presented in Figure 11a . The solid line is extrapolated from data obtained using the EC2 expression for concrete with various types and amounts of PET-aggregate. From the figure, it can be concluded that the tensile strength of the reference concrete and the concretes incorporating PP and 5% and 10% of PF are almost the same as or slightly lower than the value predicted by EC2. Dn the other hand, the tensile strength of concrete containing PC at all substitution levels and concrete containing 15% PF is considerably lower than the value obtained from EC2. The deviations of the experimental results from the results established in EC 2 are possibly due to the higher w/c ratios, the poorer workability and greater porosity of this type of concrete compared with the other concrete mixes.
According to EC2, the relationship between mean cubic compressive strength (f cm ) and flexural strength (f ct, fl ) of concrete below class C50/60 is expressed by 33 : f ct,fl (MPa) = 1.5 [0.3×(f cm /1.25) 2/3 ], where f cm is in MPa (6) Thus, based on this relationship, concrete with a cubic compressive strength of 43 MPa should have a flexural values. In this sense, the addition of a superplasticizer to improve the workability performance of concrete containing plastic aggregate may be an interesting option to improve the properties and therefore these types of concrete will probably meet various subclasses, defined in Table 9 .
Conclusions
The results of this investigation can be summarised as:
• The development of compressive strength of concrete containing all types of PET-aggregates is similar to conventional concrete, though this incorporation significantly lowers the compressive strength of the resulting concrete; • The early compressive strength gain (0 to 7 days) relative to the strength determined after 91 days of curing for most of the concretes containing PET-aggregates is higher than that observed for conventional concrete; • The incorporation of PET-aggregate in concrete increases the toughness behaviour. For a given amount of PET addition, this order is: PC > PF > PP, which indicates that adding large-flake PET-aggregate can have more effect on the improvement of the toughness behaviour of resulting concrete than the two other fractions; and • The splitting tensile and flexural strength of concrete containing any type of PET-aggregate are proportional to its loss of compressive strength. This preliminary study has thus shown that the accepted and assumed relationships between engineering properties and compressive strength, as used in European design codes, can be applied to concrete containing PETaggregate.
strength of 4.76 MPa. The flexural strength observed for the reference concrete, i.e. 4.74 MPa, is almost equal to the value predicted by EC2. A plot of the cubic compressive strength versus flexural strength for different concrete specimens is presented in Figure 11b . The solid line is extrapolated from data obtained using the EC2 expression for concrete with various types and amounts of PET-aggregate, which is calculated from the experimental compressive strength. Unlike the splitting tensile strength, the flexural strength of the reference concrete and the concrete incorporating plastic behaves according to EC2.
Analysis of results using European standard EN 206
The European Standard EN 206 defines the classes of concrete according to various environmental conditions and recommends relevant technical limits for concrete composition and strength class 34, 35 . Again, each class has various subclasses. The definition of the various classes is presented in Table 8 . Table 9 lists some relevant subclasses, plus the technical limits required for durable concrete in terms of maximum water-cement ratio (w/c), minimum 28-day characteristic compressive strength (strength class), and minimum air volume, if any, along with the properties of the concrete prepared in this research.
Although more investigation is necessary, from Table 9 it can be concluded that concrete mixes prepared with 5% substitution of NA by PC, 5% and 10% substitution of NA by PF and 15% substitution of PP meet the requirements of concrete subclasses XC1, XC2 and possibly XF2. Furthermore, concrete containing 15% PF meets the specifications for XC1. Concrete prepared by substituting 5% and 10% of NA by PP meets all concrete subclasses' requirements indicated in Table 9 except subclass XD3, due to not enough strength, and some other classes due to high water to cement ratio. However, concrete mixes with 10% and 15% PC do not conform to any of the classes mentioned in this table. This is mainly because of the very poor workability of these concrete mixes and their high w/c
